We present a theoretical approach which allows to determine the number and orbital character of the conducting channels in metallic atomic contacts.
of orbitals at each site will be denoted by N orb ). The hopping elements t iα,jβ are assumed to connect first-neighbor sites only. There exist in the literature several parametrization procedures for determining the tight-binding Hamitonian [9, 10] which are known to accurately reproduce the band structure of bulk materials. As a starting point we follow the parametrization proposed in Ref. [10] considering as a minimal basis for each metal those atomic orbitals having a significant contribution to the electronic DOS around the Fermi energy, E F . Thus, for the case of superconducting metals of groups III and IV, like Al, Pb, etc, only s and p orbitals need to be considered; while for transition metals like Nb d orbitals have to be included.
In an atomic contact the local environment in the neck region is very different to that of the bulk material and therefore the use of bulk parameters in the Hamiltonian requires some justification. In the first place, the inhomogeneity of the contact geometry can produce large deviations from the approximate local charge neutrality that typical metallic elements must exhibit. Within the tight-binding approximation this effect can be corrected imposing local charge neutrality through a self-consistent variation of the diagonal parameters ǫ iα [11] . As discussed below, this self-consistency in the neck region turns out to be crucial for the correct determination of the conducting channels. Regarding the hopping elements, t iα,jβ , although we shall initially consider them as being equal to the bulk values in order to represent a neck geometry with bulk interatomic distances; we shall show that the results are robust with respect to fluctuations in the hopping elements induced by disorder in the atomic positions.
An idealized geometry for a one-atom contact is depicted in Fig.1 . It consists of a closepacked fcc structure grown along the (111) direction (hereafter denoted as z direction), starting from a central atom [12] . This structure is connected to two semi-infinite crystals describing the metallic leads, N being the number of atomic layers within the neck region.
By taking different values of N we can describe both the cases of long and short necks.
In order to obtain the d.c. current for a constant bias voltage applied between the leads, it is most convenient to use non-equilibrium Green function techniques [13] . Within this formalism the current can be written with an expression formally equivalent to that of scattering theory [14] by treating the coupling between the central region and the leads as a perturbation [15] . The current between the left lead and the central region is then given by
where f L,R are the Fermi-distribution functions for the (left, right) leads and T (E, V ) is an energy and voltage dependent transmission probability, which can be written in terms of the matrix elements of the (retarded, advanced) Green function matrixĜ r,a (E) = [E±i0
In this expressionĜ 
The g iα,jβ 's can be evaluated numerically by standard decimation techniques [16] .
The voltage range which is probed in the experiments with superconducting contacts is of the order of the gap parameter ∆ (typically a few tenths of meV ) [3] . For this bias range normal metallic systems will behave ohmically. Even when the atomic-size contacts exhibit resonances around E F [11] , their width will in general be much larger than ∆ and linearization of Eq. (2) is appropriate. In this linear regime the contact normal conductance can be expressed as G = (2e 2 /h) T (E F , 0). By using the cyclic property of the trace, G can be written in the Landauer form
The existence of (ImΣ) 1/2 as a real matrix is warranted by ImΣ being positive definite.
Moreover,tt † is an hermitian matrix having M L real eigenvalues, T i , which are bounded by zero and one [17] . Associated with these eigenvalues there will be M L eigenvectors, which in our model are linear combinations of the atomic orbitals in the layer which is in contact with the left lead. These eigenvectors define the way in which the atomic orbitals contribute to each conducting channel.
Although the dimension oftt † can be arbitrarily large depending on the size of the central region, the actual number of conducting channels (those with a non-vanishing transmission eigenvalue T i ) are limited by the number of orbitals in the narrowest section of the neck (N orb when having a single atom contact). This fact can be shown by the following simple argument. As the division between "central region" and leads is somewhat arbitrary, one could always redefine the leads for the geometry of Let us first consider the case of an Al one-atom contact, which is the one analyzed experimentally in Ref. [3] . Al contacts have also been addressed theoretically in [18] . The atomic configuration for Al, 3s 2 3p 1 , gives rise to a conducting sp band with three electrons per atom. The bulk DOS at E F has important contributions from both 3s and 3p orbitals, the 3s level being located ∼ 7eV below the 3p level [10] . While the above simple argument would predict a maximum number of four channels for a one-atom contact, the self-consistent calculation for the ideal geometry yields only three channels with nonvanishing transmission.
In Fig. 2 the transmission eigenvalues of the ideal (111) contact are shown as a function of energy for the two extreme cases of a short (N = 1) or a long (N → ∞) neck geometry.
There are certain features that are common to both cases: i) there are three channels having a significant transmission around E F , the fourth one being closed for every energy; ii) the total transmission is close to one around E F increasing to almost three at higher energies;
iii) there is a non-degenerate mode which is widely open for almost every energy; iv) the second transmission eigenvalue is two-fold degenerate and has a small value around E F .
The channels can be classified according to the orbital character of the eigenvectors on the central atom. In this way, the non-degenerate channel, widely open at E F , is a combination with an amplitude ∼ 0.63 on the s and ∼ 0.77 on the p orbitals along the z direction.
The one with zero transmission corresponds to the orthogonal combination of these two orbitals. On the other hand, the two degenerate modes correspond to combinations of p orbitals on a plane perpendicular to the z direction. While the symmetry properties of the neck geometry are responsible for the decoupling between the s − p z and p x − p y orbitals, the approximate fulfillment of the condition ImΣ So far the possible effect of disorder in the atomic positions has been disregarded. We have studied this effect by introducing random fluctuations in the atomic positions of the idealized structure, assuming the distance dependence on the hopping parameters as suggested by Harrison [9] . Although there are certain features like the two-fold degeneracy which, as expected, disappear with the inclusion of disorder, the gross features found for the ideal geometry are nevertheless robust. This fact is illustrated in the histograms shown in Fig. 3 , which demonstrate that the decomposition of the total transmission consists of a widely open channel with T i between 0.6 and 0.9 and two low transmissive channels with T i between 0.1 and 0.3. These predictions are consistent with the experimental results for the first conductance plateau [3] . The fourth channel always has an extremely small transmission
We have also analyzed the conducting channels of a Nb one-atom contact, as an example of transition metal contacts. As commented above, in this case the maximum number of conducting channels is expected to be six due to the fact that the DOS around E F mainly arises from the contributions of 5s and 4d orbitals [10] . The idealized one-atom contact geometry yields in this case a total transmission between 2 and 3 depending on the number of layers in the central region. The channel decomposition shows that this total transmission is mainly built up from the contribution of five conducting channels. As can be observed [19] .
Our theory and the experimental results show that atomic contacts of metals which have an important contribution from p and d orbitals, do not necessarily, even in the one-atom case, exhibit an integer number of perfectly transmitting modes. This situation is at variance with that of simple metals like Na, Au, Ag, etc, which can be described by a single s like band around E F and exhibit well defined quantized conductance steps, at least at the lower plateaus [20] . Within our theory, in the one-atom contact geometry, simple metals would have a single conducting channel. The transmission of that channel is strongly pinned at one due to the charge neutrality condition [11] .
In conclusion, we have presented a theoretical analysis of the conducting channels in metallic atomic-size contacts. We have shown that the number and character of these channels are determined by the orbital electronic structure and the local atomic environment around the neck region. For the case of sp-like metals like Al and Pb we predict the presence of 3 conducting channels in a one-atom contact, in good agreement with the available experimental data [3] . For one-atom contacts of a transition metal like Nb we expect the presence of 5 conducting channels due to the contribution of d orbitals. This result has been confirmed by recent experiments [19] . 
